The formin INF2 can accelerate both actin polymerization and depolymerization. Results: ATP hydrolysis continues even after apparent complete actin depolymerization by INF2, and profilin accelerates the process. Conclusion: INF2 alone facilitates a cycle of polymerization and depolymerization, resulting in accelerated filament turnover and ATP hydrolysis. Significance: In cells, the accelerated turnover induced by INF2 might result in assembly of short, transient filaments used for brief periods of time.
INF2 (inverted formin 2) is a formin protein with unique biochemical effects on actin.
In addition to the common formin ability to accelerate actin nucleation and elongation, INF2 can also sever filaments and accelerate their depolymerization. Although we understand key attributes of INF2-mediated severing, we do not understand the mechanism by which INF2 accelerates depolymerization subsequent to severing. Here, we show that INF2 can create short filaments (<60 nm) that continuously turn over actin subunits through a combination of barbed end elongation, severing, and WH2 motif-mediated depolymerization. This pseudo-steady state condition occurs whether starting from actin filaments or monomers. The ratelimiting step of the cycle is nucleotide exchange of ADP for ATP on actin monomers after release from the INF2/actin complex. Profilin addition has two effects: 1) to accelerate filament turnover 6-fold by accelerating nucleotide exchange and 2) to shift the equilibrium toward polymerization, resulting in longer filaments. In sum, our findings show that the combination of multiple interactions of INF2 with actin can work in concert to increase the ATP turnover rate of actin. Depending on the ratio of INF2:actin, this increased flux can result in rapid filament depolymerization or maintenance of short filaments. We also show that high concentrations of cytochalasin D accelerate ATP turnover by actin but through a different mechanism from that of INF2.
In eukaryotic cells, actin filaments are used for Ͼ20 different cellular processes, and these filaments vary greatly in length, lifetime, and higher order organization (1) . For example, lamellipodial actin networks contain short, branched filaments that turn over on a time scale of seconds, whereas stress fibers contain longer filaments that turn over more slowly (2, 3) . Recent findings reveal additional uses for actin-based structures around intracellular organelles such as Golgi and mitochondria (4 -6) , but detailed characterization has been challenging because of the transient nature of such structures.
At the foundation of all actin-based structures is the single actin filament, which can self-assemble and undergo a cycle of polymerization and depolymerization in the absence of other protein factors (7) . Actin monomers alone can self-nucleate into filaments, and the filaments can elongate by further monomer addition at both the barbed and pointed ends, the barbed end being favored. Subsequent to filament incorporation, individual actin monomers (now called subunits) hydrolyze their bound ATP and release the phosphate (P i ) product while still in the filament. Both ATP hydrolysis (0.3 s Ϫ1 ) and phosphate release (0.002 s Ϫ1 ) are slow compared with filament incorporation (10 M Ϫ1 s Ϫ1 at barbed end), resulting in a "cap" of ATP and ADP-P i subunits toward the barbed end (8 -11) . As ADPsubunits accumulate at the pointed end, the equilibrium favors dissociation from the filament, resulting in net depolymerization from the pointed end. Thus, there is a net flow of ATPactin onto the barbed end and ADP-actin off of the pointed end at steady state in the presence of excess ATP (12) .
The variability in filament lengths and/or dynamics between cellular actin-based structures is caused by specific actin binding proteins. These proteins do not fundamentally change actin's polymerization/depolymerization cycle but alter the kinetics of specific steps. For example, the abundant actin monomer binding protein, profilin, has multiple effects on dynamics: 1) it inhibits pointed end addition of ATP-actin monomers (13) (14) (15) , focusing elongation to the barbed end; 2) it inhibits spontaneous nucleation of actin monomers (13) , thereby forcing de novo filament assembly to be triggered by nucleation factors such as Arp2/3 complex, formins, or COWs (compound WH2-containing proteins) (16, 17) ; and 3) it accelerates nucleotide exchange on actin monomers (18 -20) , allowing recently depolymerized ADP-actin monomers to recharge with ATP for subsequent rounds of polymerization.
Another important function of profilin is to work with formin proteins in controlling filament elongation. Formins can nucleate actin filaments de novo and then remain at the elongating barbed end because of their dimeric formin homology 2 (FH2) 2 domain. Formins can also interact with profilin through their formin homology 1 (FH1) domain, which is directly N-terminal to the FH2 (21) . The consequence of the formin/profilin interaction is an increase in barbed end elongation rate (8) . There are 15 mammalian formins, and their abilities to nucleate and elongate actin vary considerably (8, (22) (23) (24) , creating variation that cells can use for diverse actin-based structures.
INF2 (inverted formin 2) is a particularly unusual mammalian formin. In addition to accelerating nucleation and regulating elongation, INF2 has the unique capacity to accelerate filament depolymerization (23) . A key component of depolymerization is the ability of INF2 to sever ADP-containing filament regions (25) . In cells, INF2 acts in multiple processes, but the best understood is its role in mitochondrial fission, in which endoplasmic reticulum-bound INF2 assembles filaments that facilitate fission (26) . INF2 is likely to have similar roles in other cytoplasmic actin-based processes (4) . This paper focuses on the biochemical mechanism behind the ability of INF2 to accelerate filament depolymerization. We show that INF2 works with the polymerization/depolymerization cycle of actin itself and by regulating key steps in the process accelerates the turnover of actin subunits considerably. In the presence of profilin, this process results in the assembly of highly dynamic filaments of relatively uniform filaments length, providing a potential mechanism for assembly of short, transient actin filaments.
Experimental Procedures
DNA Constructs-Human INF2 clone (CAAX variant, catalog no. SC313010) was obtained from OriGene Technologies, Inc. (Rockville, MD). INF2-FFC (amino acids 469 -1249) and INF2-FC (amino acids 552-1249) were amplified using a GCrich PCR system (Roche Applied Science) and subcloned into pGEX-KT vector (27) with a modified tobacco etch virus protease site for bacterial expression as a glutathione S-transferase fusion protein.
Buffers-The following buffers were used frequently: G buffer (2 mM Tris, pH 8, 0.5 mM DTT, 0.2 mM ATP, 0.1 mM CaCl 2 , and 0.01% NaN 3 ), G-Mg buffer (same as G buffer but with 0.1 mM MgCl 2 instead of CaCl 2 ), 10ϫ K50MEI (500 mM KCl, 10 mM MgCl 2 , 10 mM EGTA, and 100 mM imidazole, pH 7.0), 10xK50MEH (same as 10xK50MEI but with 100 mM HEPES, pH 7.4), 10ϫ Na50MEI (same as 10ϫ K50MEI but with 500 mM NaCl instead of KCl), and polymerization buffer (G-Mg buffer plus either 1ϫ K50MEI, 1xK50MEH, or 1ϫ Na50MEI and 0.5 mM thesit (the common name for the detergent nonaethylene glycol monododecyl ether (Sigma; P-9641), which was included to minimize protein adhesion to the tube/well).
Polymerization buffer with 1ϫ Na50MEI was used for pelleting assays because dodecyl sulfate precipitates as the potassium salt. Protein storage buffer (K50MEID) was composed of 1xK50MEI, 1 mM DTT. The TIRF buffer contained: 1ϫ KMEI, 100 mM DTT, 0.2 mM ATP, 15 mM glucose, 0.5% methyl cellulose, 0.01 mg/ml catalase (Sigma; C3515), 0.05 mg/ml glucose oxidase (Sigma; G6125), and 0.1% BSA).
Protein Preparation and Purification-All formin constructs were expressed in Rosetta2 Escherichia coli (Stratagene Inc.) as GST fusion proteins, following procedures used previously (22, 24, 25, 28, 29) . The constructs used were INF2-FFC (FH1-FH2-C construct, human CAAX variant, amino acids 469 -1249), INF2-FC (FH2-C construct, human CAAX, 552-1249), FMNL3-FFC (mouse), mDia1-FFC (mouse), and mDia2-FFC (mouse). Briefly, expression was induced in log phase cultures with 0.5 mM isopropyl ␤-D-thiogalactopyranoside at 16°C. After expression, extracts were passed over glutathione-Sepharose, cleaved with tobacco etch virus protease to elute the formin construct from GST, and further purified by ion exchange chromatography on SourceQ and/or gel filtration by Superdex 200 (GE Biosciences). INF2 and FMNL3 proteins were stored at Ϫ80°C in K50MEIDT, whereas mDia1 and mDia2 proteins were stored as 50% glycerol stocks at Ϫ20°C. Human profilin wild-type, profilin-Y6D, and profilin-R88E were expressed and purified as described previously (30) . Rabbit skeletal muscle actin was purified from acetone powder (31) and labeled with pyrenyliodoacetamide (32) or TAMRA NHS ester (Invitrogen; C1171) (33) . Both labeled and unlabeled actin were gel-filtered on Superdex 200 and stored in G buffer at 4°C.
Pyrene Actin Assays-For depolymerization assays, actin (5.5 M, 5% pyrene) was polymerized 16 h at 23°C in polymerization buffer in the dark. This actin stock (54 l) was diluted with 6 l of formin protein with or without profilin (diluted in polymerization buffer) at the indicated final concentrations. For polymerization assays, 20 l of 15 M actin (5% pyrene) was mixed with 40 l of formin with or without profilin in 1.5ϫ polymerization buffer. Pyrene fluorescence (365/410 nm) was monitored in a 96-well fluorescence plate reader (Infinite M1000; Tecan, Mannedorf, Switzerland) within 1 min of mixing actin and formins. Starting ATP concentrations were 150 -170 M, with the variation caused by the variable concentrations of formins and/or profilin added. Concentration of depolymerized actin was calculated by normalizing to the actin alone curve, which represents 4.9 M polymerized actin/0.1 M depolymerized actin (7) .
High Speed Sedimentation Assays-Actin monomers (5 M) were polymerized either alone or in the presence of INF2 FFC (4 M) with or without profilin (10 M) for 20 min or 2 h at 23°C in polymerization buffer (G-Mg buffer plus 1ϫ NaMEI). For assays in the presence of cytochalasin D (CD), actin monomers (5 M) were polymerized either alone or in the presence of 2 M or 5 M CD and 10 M latrunculin B (LatB) for 20 min 23°C in polymerization buffer. For determination of minimal length of actin filaments in pellets, 10 M actin was incubated with indicated ratio of actin: capping protein and polymerized in polymerization buffer (G-Mg ϩ KMEI) at 23°C for 1 h. Samples were then diluted 10-fold with polymerization buffer containing 2.5 M phalloidin and equilibrated at 23°C for 2 h. After polymerization, all samples were transferred to polycarbonate 7 ϫ 20 mm centrifuge tubes (Beckman 343775) with a final volume of 200 l and centrifuged at 80,000 rpm for 20 min at 4°C in a TLA-100.1 rotor (Beckman). 100 l of supernatant was removed and mixed with SDS-PAGE sample buffer. The rest of the supernatant was removed and discarded. Pellets were washed briefly with 200 l of 1ϫ NaMEI and then resuspended in 100 -400 l of SDS-PAGE sample buffer (depending on experiment). Pellets were analyzed by Coomassie-stained SDS-PAGE and ImageJ software.
Velocity Analytical Ultracentrifugation-For INF2-FFC samples, 15 M actin monomers ϩ30 M LatB, 7.5 M INF2-FFC, or 15 M actin monomers ϩ 7.5 M INF2-FFC was prepared in polymerization buffer and incubated for 1 h at 23°C before starting the centrifugation. For actin sedimentation length calibration with capping protein, 20 M actin monomers were polymerized in the presence of indicated ratios of capping protein in polymerization buffer for 1 h. After polymerization, samples were diluted to a final of 10 M actin in polymerization buffer with 25 M phalloidin and left to equilibrate for 2 h at 23°C before centrifugation. Analytical ultracentrifugation was conducted using a Beckman Proteomelab XL-A and an AN-60 rotor. All samples were centrifuged at 25,000 rpm with monitoring at 290 nm. The data were analyzed by Sedfit to determine sedimentation coefficient, frictional ratio, and molecular weight. Sedimentation coefficient reported is that of the major peak (at least 80% of the total analyzed mass).
ATP Turnover Assays-ATP turnover was determined through two methods:
1 H NMR, detecting ATP and ADP resonance peaks heights as previously described (34) , and a colorimetric assay detecting the inorganic phosphate product of ATP hydrolysis (35) . For colorimetric assays, reactions were started by mixing formins in polymerization buffer with actin monomers for a final concentration of 5 M actin. Reactions were quenched at various time points by adding 20 l of sample to 5 l of 125 mM EDTA in clear flat-bottomed 96-well plate (Greiner). Five or six time points were acquired for each condition. Phosphate release was determined by addition of 150 l of malachite green solution (1 mM Malachite Green (Sigma-Aldrich; 229105-100g), 10 mM ammonium molybdate (SigmaAldrich; A7302-100g) in 1 N HCl) to 25 l quenched reactions and then measuring absorbance at 650 nm with a 96-well fluorescence plate reader (Infinite M1000; Tecan). ATP turnover rates were determined by plotting phosphate concentration as a function of time and then conducting linear regression analysis. Rates are given in units of s Ϫ1 and are understood to be M ATP hydrolyzed per second per M actin. We find similar rates of ATP turnover regardless of whether reactions were started from actin monomers or prepolymerized actin filaments. We calculated a theoretical ATP turnover rate for 5 M actin under polymerizing conditions, with the following assumptions. First, the average filament length at steady state is 2000 subunits, based on filament length measurements we have made previously (23) . Second, the rate-limiting step for ATP turnover at steady state is P i release from actin subunits, which is 0.002 s Ϫ1 (11) . Given these assumptions, we would expect an ATP turnover rate of 5 ϫ 10 Ϫ6 s Ϫ1 .
Analysis of Nucleotides Bound to Actin
Monomers-Reactions (1 ml) containing 5 M ATP-actin monomer and 2.5 M INF2-FFC were mixed for 20 min at 23°C in K50MEH buffer containing 400 M ATP, to establish the steady state condition. Phalloidin and latrunculin A (7.5 M each) were added to "stop" the reaction (stabilizing any filaments present, sequestering any monomers present, and slowing nucleotide exchange) (36) . Reactions were centrifuged in a TLA-120 rotor at 100,000 rpm for 20 min at 4°C to sediment any long filaments present. To remove nucleotide that was not bound to actin, supernatant was gel-filtered on a Superdex 200 10 ϫ 30 column (GE Biosciences) equilibrated in 1 mM HEPES, pH 7.4, 0.1 mM CaCl 2 . Protein-containing peak fractions were boiled 10 min and then centrifuged at 16,000 ϫ g for 10 min to remove precipitated protein. Supernatant was analyzed by 1 H NMR as described (34) .
Negative Staining Electron Microscopy-The actin/INF2 or actin/capping protein mixtures were incubated for varying times (indicated in the figure legends) before applying to grids, to reach steady state. To make negatively stained grids, 30-l aliquots of actin samples were adsorbed onto EM grids (Electron Microscopy Sciences; CF300-Cu) for 4 min and then blotted gently with filter paper. Grids were then stained by 30 l of 1% uranyl acetate solution for 1 min. Prepared grids were imaged on a JEOL JEM 1010 transmission electron microscope operated at 100 keV acceleration. Images were taken with a XR-41B AMT digital camera and capture engine software (AMTV540; Advanced Microscopy Techniques). Filament lengths and densities were quantified with ImageJ analysis software.
TIRF Microscopy-Glass flow chambers were prepared from VWR micro cover glasses (22 ϫ 22 mm and 18 ϫ 18 mm no. 1.5) to hold 10 l volume. Cover glasses were silanized using the procedure adapted from Gell et al. (37) and explained previously (25) . Briefly, cover glasses were washed in acetone (50 min), ethanol (10 min), and water (1 min) and then incubated in Pirhana Solution (1:2 ratio of 30% H 2 O 2 and H 2 SO 4 ) for 1 h. Glasses were then rinsed with water, 0.1 M KOH, and then water again and dried with inert gas before silanization. Glasses were silanized overnight in a 0.0025% solution of dichlorodimethyl silane (Sigma 85126) in chloroform, washed with methanol, dried with inert gas, and stored in clean sealed containers. For silanized cover glasses, chambers were incubated with 1% Pluronic F127 (Sigma P2443) in BRB80 buffer (80 mM PIPES/KOH, pH 6.9, 1 mM EGTA, 1 mM MgCl 2 ) for 1 min and then equilibrated in TIRF buffer. Nucleation assays were conducted as previously mentioned (25) . Briefly, unlabeled actin monomers were mixed with 20% TAMRA-labeled actin monomers (2 M) in G buffer, diluted with 2ϫ TIRF buffer without or with 1 nM GFP-INF2 construct and profilin or profilin mutant (3 M), and flowed into the flow chamber. The filaments were visualized as quickly as possible (ϳ60 s) on a Nikon Eclipse Ti-E inverted microscope with perfect focus and 488-and 561-nm lasers. Simultaneous two-color images were acquired every 1 s at 100-ms exposure with TIRF objective (60 ϫ 1.49 N.A.) and two iXON Ultra 897 cameras. Samples were polymerized at 10ϫ concentration for 1 h, then diluted 10ϫ, and equilibrated 2 h before ultracentrifugation for 20 min at 4°C. I, velocity analytical ultracentrifugation of 10 M actin monomers mixed with varying ratios of capping protein in polymerizing conditions. Actin and capping protein were polymerized at 2ϫ final concentration for 1 h at 23°C, then diluted 2ϫ, and equilibrated for 2 h at 20°C before starting the centrifugation. The actin alone sample also contained 20 M LatB to maintain monomers.
Results

INF2 Causes Continuous ATP Turnover on Actin after
Apparent Depolymerization-Previously, we showed that an INF2 construct containing the FH1, FH2, and C-terminal domains (FFC; Fig. 1 ) potently severed and depolymerized filaments (23, 25) . However, these experiments used an actin concentration (1 M) close to the pointed end critical concentration (0.6 M) (38) , which complicated interpretation of depolymerization mechanism. To analyze INF2-FFC depolymerization activity in more detail, we repeated these pyreneactin assays using 5 M prepolymerized actin filaments. Under these conditions, INF2-FFC depolymerizes actin filaments in a concentration-dependent manner in the absence of any additional factors (Fig. 1A) . This effect is not merely a 1:1 sequestration of actin monomers by INF2-FFC, because 2 M formin causes apparent complete depolymerization, and lower concentrations cause depolymerization well in excess of their concentration (Fig. 1B) . The effect is specific to INF2, because FFC constructs of three other formins do not induce depolymerization (Fig. 1C) . We note that similar apparent steady state pyrene fluorescence is obtained when starting with 5 M actin monomers instead of filaments (Fig. 1D) , similar to our earlier findings (23) .
High speed sedimentation assays confirm the apparent depolymerization effect of INF2, showing that addition of INF2-FFC causes a dramatic reduction of sedimentable actin in less than 20 min (Fig. 1E) . By sedimentation velocity analytical ultracentrifugation, a 2:1 ratio of actin:INF2-FFC results in a predominant 8S particle (Fig. 1F) , similar to the 8S complex, we previously observed when INF2-FFC is mixed with an excess of latrunculin A (LatA)-stabilized actin monomers (23) . Calculation of apparent mass of this complex from the S value and optimal frictional coefficient (2.061) gives 347.7 kDa. Our interpretation is that this particle represents a complex of one INF2 dimer (170 kDa) with four actin monomers (43 kDa each). A significantly less abundant peak at 11.5 S is also present. No higher S peaks are detectable above background. Our previous conclusion was that the 8S INF2/LatA-actin peak represented two actins and one INF2 dimer, but we revise this assessment here based on our greater confidence in the fitting algorithm and the fact that the residual actin monomer peak is minimal under these conditions, whereas a more substantial peak would be present if 1:1 binding were occurring.
To provide calibration for these results, we polymerized actin in varying ratios with capping protein (CP) to create differential filament lengths. Ratios of actin:CP lower than 90:1 do not pellet significantly in high speed sedimentation assays (Fig. 1G) . Sedimentation velocity analytical ultracentrifugation experiments of CP/actin filaments show that the predominant sedimentation coefficient varies from 24S at 5:1 to 30S at 100:1 actin:CP (Fig. 1H) . Thus, even mini-filaments of 5:1 actin:CP sediment much more readily than the predominant 8S complex formed by 4:1 actin:INF2-FFC dimer, suggesting that this is indeed a complex of INF2 and a small number of actin molecules. We note, however, that there is some uncertainty as to the exact stoichiometry, because of the assumptions that go into the mass calculations.
One interpretation of these results is that each INF2-FFC monomer sequesters at least two actin monomers after severing, preventing those monomers from participating in any further polymerization after the initial depolymerization reaction. To test this hypothesis, we measured ATP turnover kinetics during the depolymerization reaction, because actin ATP hydrolysis accelerates ϳ10,000-fold upon polymerization (9, 39). We used two assays to monitor ATP turnover: 1) 1 H NMR, detecting ATP and ADP resonance peaks heights that are proportional to nucleotide concentration (34), and 2) a colorimetric assay detecting the inorganic phosphate product of ATP hydrolysis (35) . ATP turnover of 5 M actin alone under polymerizing conditions is below the level of detection of these assays over 24 h ( Fig. 2A and not shown) , as would be predicted based on the kinetic cycle of actin at steady state (calculated at 5 ϫ 10 Ϫ6 s
Ϫ1
, see "Experimental Procedures"). Surprisingly, INF2 induces an approximate 3000-fold increase in ATP turnover (1.45 ϫ 10 Ϫ2 Ϯ 3.08 ϫ 10 Ϫ3 s
) over that of actin alone, and this turnover continues with linear kinetics long after actin depolymerization reaction reaches plateau ( Fig. 2A and Table 1 ).
This result is unexpected because the actin filament starting material should contain ADP-bound actin subunits exclusively, and the combination of severing and depolymerization by INF2 should not result in any additional ATP hydrolysis. In fact, similar ATP turnover is observed whether the starting material is ADP-actin filaments or ATP-actin monomers. INF2-FFC alone has no appreciable ATPase activity (not shown). The saturating concentration of INF2-FFC for ATP turnover (ϳ2 M) is similar to the concentration that affects complete apparent actin depolymerization in pyrene-actin assays (Fig. 2B, compare with  Fig. 1B) . ATP turnover scales with actin concentration, with the x intercept at 0.07 M actin (Fig. 2C) , which is similar to actin's barbed end critical concentration 0.1 M (40) and suggests that ATP turnover requires some form of polymerization to occur.
In view of these results, we hypothesize that INF2-FFC rapidly establishes a pseudo-steady state condition, rather than simply depolymerizing the starting filaments. The system reaches this pseudo-steady state condition rapidly, whether starting from ADP-actin filaments or from ATP-actin monomers. Because of experimental ease, most subsequent experiments start from actin monomers. We hereafter refer to the "steady state," assuming an adequate supply of ATP under most conditions.
Profilin Accelerates ATP Turnover and Shifts the Polymerization Equilibrium of INF2-FFC/Actin-The rate constant of ATP turnover in this cycle is similar to both those of phosphate (P i ) release from actin filaments (0.0022 s Ϫ1 ) (11) and of ADP release from actin monomers (0.009 s Ϫ1 ) (19, 20) . By 1 H NMR, the actin monomers present in the steady state condition are Ͼ90% ADP-bound (Fig. 2D) . To test the rate-limiting step in this cycle, we perturbed the system by the addition of profilin. The two major effects of profilin in this system are 1) to accelerate nucleotide exchange on actin monomers (9, 18, 20) , and 2) to accelerate formin-mediated barbed end elongation to a variable degree, depending on the formin (8) . Because the effect of profilin on INF2-FFC mediated barbed end elongation is not known, we measured this parameter by TIRF microscopy and found that profilin increases barbed end elongation 2-fold, from 3.6 to 7 M Ϫ1 s Ϫ1 (Fig. 3) . Addition of profilin to our depolymerization reaction increases INF2-FFC-induced ATP turnover ϳ6-fold over that of INF2-FFC alone (to 8.25 ϫ 10 Ϫ2 Ϯ 2.9 ϫ 10 Ϫ2 s Ϫ1 ) (Fig. 4 , A, D, and E, and Table 1 ). Furthermore, the equilibrium shifts toward polymerization in the presence of profilin, as shown by both elevated pyrene-actin fluorescence (Fig. 4A ) and increased sedimented actin at high speed (Fig. 1E) . This equilibrium shift also occurs when starting from actin monomers (Fig. 1D) . Upon complete depletion of ATP, the pyrene-actin curve drops to baseline fluorescence of actin monomers (Fig. 4A) , suggesting that the polymerization plateau is dependent on recharging monomers with ATP. To test this hypothesis further, we added additional ATP after initial ATP depletion, which causes reestablishment of the previous plateau level (Fig. 4B) . The duration of the plateau, but not its height, is dependent on the amount of ATP added.
We tested the role of profilin further by using two profilin mutants: profilin-Y6D, which displays reduced FH1 domain binding and has diminished ability to accelerate formin-mediated barbed end elongation (8, 41) , and profilin-R88E, which displays reduced actin monomer binding and is diminished in both nucleotide exchange and formin-mediated barbed end elongation (41) . Pyrene-actin depolymerization assays show that profilin-R88E has no apparent effect on INF2-FFC mediated depolymerization (Fig. 4C) . In contrast, profilin-Y6D behaves similarly to profilin in that it causes a similar polymerization plateau, but this plateau is prolonged ϳ3-fold (Fig. 4C) . In terms of ATP turnover rate, profilin-R88E does not increase the effect of INF2-FFC, whereas profilin-Y6D has a 3.4-fold reduced effect when compared with profilin at 10 M (Fig. 4D) .
One interpretation of these results is that, in the absence of profilin, nucleotide exchange is the rate-limiting step of this ATP turnover cycle. Profilin addition shifts the rate-limiting step to barbed end elongation, with profilin being more effective at elongation than profilin-Y6D because it can interact with the FH1 domain of INF2. To test this hypothesis, we examined the effect of the INF2-FH2-C construct (INF2-FC) on ATP turnover. Lacking the FH1 domain, INF2-FC cannot bind profilin or allow profilin-mediated elongation acceleration.
INF2-FC causes a 2-fold lower rate of ATP turnover than INF2-FFC (Fig. 4D ). Profilin addition, however, increases turnover rate 4-fold for INF2-FC, similar to the 6-fold increase of profilin for INF2-FFC (Fig. 4E) . This result suggests that FH1 binding is not necessary for profilin acceleration of ATP turnover. In depolymerization assays, INF2-FC causes less of a reduction in filament concentration at steady state than does INF2-FFC (Fig. 4F) . Profilin addition still causes the steady state condition to terminate for INF2-FC, but after a 3-fold longer time period than for INF2-FFC, consistent with slower ATP turnover. These results suggest that the major effect of profilin in this system is to accelerate nucleotide exchange, the rate-limiting step.
We used negative stain electron microscopy to examine visually the actin-based structures assembled by INF2-FFC in the absence and presence of profilin, allowing the mixtures to reach steady state before processing. Actin alone assembles into long filaments (Fig. 5A) , such that they generally span the viewing field at 15,000ϫ magnification (1.9 ϫ 1.9-m field). A 40:1 ratio of actin:CP displays a large number of shorter filaments, averaging 217 Ϯ 117 nm (Fig. 5, A and B) , which is larger than expected theoretically (108 nm). However, the most abundant filament population is in the 100 -150-nm range, with a broad distribution of longer filaments that skews the average (Fig. 5C ). INF2-FFC alone displays no filament-like structures. With actin:INF2-FFC at a 2:1 ratio, linear structures averaging 59.6 Ϯ 18.7 nm in length are apparent (Fig. 5A) . However, these structures are much less abundant than the filaments observed with 40:1 actin:CP or with INF2-FFC/profilin mixes (Fig. 5D) . In our velocity analytical ultracentrifugation experiments, we did not detect a peak representing these filaments (Fig. 1F ), but their concentration relative to the predominant 8 S particle is probably too low for detection.
When actin, INF2-FFC, and profilin are mixed in a 2:1:4 molar ratio, the predominant structure is a much more dense field of filaments, with an average length of 270.8 Ϯ 148.2 nm (Fig. 5) . Profilin-Y6D gives a similar result, but with shorter average length (172.3 Ϯ 88.7 nm; Fig. 5C ). These results show that profilin addition allows filaments to elongate to comparatively uniform lengths at steady state, despite continuous actin turnover in the filament. This uniformity is in contrast to the wide range of lengths of actin polymerized alone (23) .
Cytochalasin D Accelerates ATP Turnover by Actin through a Different Mechanism-Previous studies have shown that CD at a high concentration can accelerate ATP turnover by actin, through a mechanism involving actin dimerization (42) . We wished to test whether the ATP turnover effect of CD was similar to that of INF2. CD causes ATP turnover to a level ϳ4-fold lower than INF2-FFC (Fig. 6, A and B) . Interestingly, profilin has no effect on this turnover (Fig. 6C) , suggesting that the rate-limiting step is not nucleotide exchange on ADP-actin monomers and that profilin does not compete with CD in this process. The addition of LatB does not inhibit the effect of CD on actin turnover but actually stimulates it 1.5-2-fold (Fig. 6C) . By high speed pelleting and electron microscopy, substantial actin filaments still exist even in the presence of both CD and LatB (Fig. 6, D and E) . In contrast, both LatA and LatB alone inhibit ATP turnover by INF2-FFC/actin substantially, with LatA being considerably more potent and causing complete inhibition at 1:1 ratio to actin (Fig. 6F) . Thus, the mechanism of CD-mediated ATP turnover on actin appears to be significantly different from that of INF2-FFC.
Discussion
We show that INF2 creates short actin filaments with accelerated turnover through the ensemble of its multiple activities, including nucleation acceleration, barbed end elongation regulation, severing, and actin monomer binding (through the WH2 motif). These activities can also result in net depolymerization, depending on the ratios of actin, INF2, and profilin. In this manner, the activities of INF2 are similar to those of the Cordon Bleu protein, which has been described as a "dynamizer" of actin (43) . Below, we describe our model to explain the INF2 cycle on actin filaments in the absence and presence of profilin (Fig. 7) .
In the absence of profilin, INF2-FFC nucleates actin filaments and then stays at the barbed end and allows elongation at a rate ϳ40% that of actin alone (Fig. 7B) . Additional INF2 binds to the filament side with an affinity independent of the nucleotide state of actin (25) . Actin subunits in the filament hydrolyze ATP and release P i . The length of the ATP and ADP-P i caps are relatively short, because elongation is slow. Upon P i release, side-bound INF2-FFC severs the filament, with the C-terminal WH2 motifs binding actin subunits at the barbed end side of the FH2, as suggested by our previous results (25) . After severing, the two WH2-bound subunits release from the filament, thereby affecting a net depolymerization. The fact that we observe a predominant complex of four actins and one INF2-FFC dimer at steady state suggests that two additional actins remain bound to the FH2 domain in this complex, in addition to the actins bound to each WH2. The depolymerized actin subunits release from the WH2, exchange ADP for ATP, and participate in another round of filament addition. Nucleotide exchange is the rate-limiting step of the process, resulting in a low ATP:ADP ratio on recycling actin monomers.
Addition of profilin to this system has two effects (Fig. 7C) . First, profilin accelerates nucleotide exchange, which raises the ATP:ADP ratio in the pool of recycling actin monomers and shifts the rate-limiting step to elongation. For profilin to bind and accelerate nucleotide exchange on ADP-actin monomers, the depolymerized monomer must first release from the INF2 WH2 motif, because profilin and WH2 compete for a similar binding site (24) . Second, profilin increases the barbed end elongation rate through its interaction with the FH1 domain of INF2. This elongation effect is mediated by barbed end-bound INF2, which is distinct from the side-bound INF2 molecules mediating severing. Inhibiting the profilin/INF2 interaction either by the profilin-Y6D mutant (Fig. 7D) or by removal of the FH1 domain slows elongation while still allowing rapid nucleotide exchange, resulting in even higher ATP:ADP ratio in the pool of recycling actin monomers. We are puzzled as to why the polymerization plateau for profilin Y6D is similar to that of wild-type profilin, given the difference in barbed end elongation rates. Further examination of this feature, including kinetic modeling, will be useful.
The following results suggest that nucleotide exchange is the rate-limiting step in the absence of profilin. First, profilin addition increases ATP turnover 6-fold, as opposed to its 2-fold effect on barbed end elongation from INF2-FFC bound ends. Second, turnover increases with added profilin even when INF2/profilin interaction is compromised (by profilin mutation or FH1 domain deletion).
One puzzling feature of this cycle is that P i release from ADP-P i subunits does not appear to be the rate-limiting step of the cycle, even though its measured rate (0.002 s Ϫ1 ) (9, 11) is slower than the cycle even in the absence of profilin. Two possible explanations are that 1) INF2-FFC binding to filaments increases P i release rate or 2) INF2-FFC is able to sever ADP-P i filaments at a rate sufficient to drive the cycle. Because of technical challenges in measuring P i release during the rapid polymerization/depolymerization cycle induced by INF2-FFC, we have been unable to test the first possibility. As to the second possibility, our previous results show that addition of P i to the buffer potently inhibits severing (25) . However, this high concentration of added P i is different from the situation of random ATP hydrolysis and P i release from an elongating filament (44, 45) . Thus, it is possible that severing does not rely on complete P i release from a filament segment.
Our results with CD confirm those reported by Goddette and Frieden (42) indicating that high concentrations of CD accelerate ATP turnover by actin. However, our results are inconsistent with the model by which CD causes actin dimer assembly that results in ATP hydrolysis, followed by ADP-actin dissociation and nucleotide exchange (42) . Our results suggest, rather, that CD causes assembly of an actin filament-like structure that turns over ATP without cycling through the monomer state. The following results support this model: high concentrations of LatB do not inhibit ATP turnover, as they should if actin monomers exist at any point in the cycle; profilin does not alter ATP, as it should if nucleotide exchange is the rate-limiting step; and filament-like structures assemble in the presence of both high CD and LatB. One possible explanation for the difference between our results and those of Goddette and Frieden (42) is the buffer conditions; 50 mM KCl and 1 mM MgCl 2 are present in our assays, as opposed to low ionic strength G buffer used in the previous study.
The result of fundamental interest from this work is that the combination of INF2 and profilin is capable of generating short actin filaments that are also highly dynamic. These filaments can be of relatively uniform size, and their length (200 -300 nm) can be on the order of those postulated to participate in mitochondrial fission through the ER-bound INF2-CAAX isoform (46) . Given that a cytosolic isoform, INF2-non-CAAX, participates in Golgi dynamics (4), it is possible that INF2-generated short, transient actin filaments might be used in other organellar membrane fission processes. Indeed, small actin "puncta" are present at the trans-Golgi network (4, 6), and we have found that the puncta number decreases upon INF2 suppression (4) . Other proteins, such as Cordon Bleu, might play similar roles for other actin-based processes.
The length and stability of these filaments depends on INF2 concentration and the presence of profilin. Profilin is at 50 -100 M in mammalian cytosol (38) , well in excess of the concentration required to produce this effect. The cytosolic concentration of INF2 is much lower, ranging from 10 to 100 nM in the cytosol from quantitative immune-blotting experiments. 3 In addition, the two distinct splice variants of INF2 have very different localization patterns (4, 47) . However, local enrichment of INF2, such as on the ER membrane, might drive short filament assembly. Testing this cellular hypothesis will be important in the future.
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